ABSTRACT Accurately estimating the copper losses is essential for the elaborate design of highfrequency (HF) transformers used in high-power isolated dc-dc converters. Higher is the frequency of the transformer, more significant is the edge effect of the windings, which makes the classic analytical methods for the calculation of copper losses inaccurate. In this paper, for the accurate evaluation of HF copper losses in layered windings, we gather intensive 2-D finite-element method (FEM) simulations into a base formula by means of a multivariable regression process to establish a novel semiempirical formula with five determinant geometrical parameters. The selected variation range for each of these parameters ensures that the formula is suitable for the majority of practical applications. Two HF transformer test models with core-type and shell-type structures are built, and ''double 2-D'' FEM simulation and measurement are carried out to verify the proposed formula. We also investigate the impact of the porosity factor and the interleaving winding configuration on the overall copper losses.
I. INTRODUCTION
Driven mainly by the demand for integrating large-scaled new direct current (dc) sources (such as photovoltaics, fuel cells, and batteries, etc) and MW-level offshore wind farms into the smart grid, and enabled by recent advances in semiconductor devices (including Si IGBTs, SiC MOSFETs, etc) operated under soft-switching modulation schemes, high-power isolated dc-dc converters with intermediate highfrequency (HF) transformers have gained widespread attention [1] - [6] . Meanwhile, the solid-state transformer (SST) combines the desired features of flexible power routing [7] and the reduction in size/weight by means of the galvanic isolation HF transformer [6] , [8] . However, as the increasing of operation frequency, the magnetic core loss and copper loss are significantly increased in relation to operation at 50/60Hz [9] , [10] . Moreover, the reduction in size/weight and the increase in power capacity of the HF transformer usually imply an increase in loss density, further an increase in temperature rise, which limits the size and efficiency of the HF transformer [11] . Hence, an accurate evaluation of these losses is required for an elaborate design of HF transformer and an appropriate thermal management scheme.
Many efforts [12] - [15] have been made to derive expressions for the evaluation of the HF copper losses in multilayer windings. Bennet and Larson [12] were the first ones who solved and formulated the multilayer winding loss based on simplified 1-D Maxwell equations, however, the most popular analytical formula, widely used by designers to evaluate winding loss in transformers, has been derived by Dowell [13] . In 1966, based on one-dimensional (1-D) Maxwell equations, the analytical expression to evaluate the AC resistance factor (F R ) of multilayer windings was derived by Dowell [13] . The analytical expression is:
sinh2 + sin 2 cosh 2 − cos 2 + 2(m 2 − 1) 3 sinh − sin cosh + cos (1) where is the normalized foil thickness with respect to the skin depth δ, and m is the number of winding layers for a winding portion. The main assumption is that the interlayered magnetic field is parallel to the symmetry axis of the magnetic component (1-D field condition) [13] . However, in the practical applications, creepage distances (both horizontal and vertical directions) between the core and winding must be kept because of the electrical insulation constraints. Hence, the 1-D field condition is always violated, and the Dowell's equation only gives an approximation of the real copper losses [16] . In 1990, based on the exact solutions of the magnetic field inside and outside a single solid round wire by considering the orthogonality of skin and proximity effects, Ferreira proposed a closed form expression only for solid round conductors [14] . However, the contribution of the porosity factor η is not taken into account. As a consequence, Ferreira's formula results in an inaccurate prediction of AC resistance factor [15] , [17] . In order to improve the accuracy of Ferreira's expression, Bartoli et al. [15] modified the Ferreira's formula by defining a porosity factor similar to the one in Dowell's equation and the final formula is: (2) where is the solid round conductor's diameter normalized with respect to the skin depth. R S ( ) and R P ( ) are defined as
where ber and bei are Kelvin functions, i.e., real and imaginary parts of Bessel functions of the first kind. An investigation on the accuracy and validity range of the previous analytical methods has been carried out in [18] and [19] . In [20] and [21] , the edge effect in singlelayer foil windings was studied. In 1997, [22] provide a simple means to compute the AC resistance of foil windings which accounts for the 2-D edge effects by making use of the already developed 1-D analysis results. In 2001, based on 400 sets of 2-D FEM simulations, Robert proposed a modified Dowell's equation (or called as ''semiempirical'' approach) by a curve fitting process [23] , [24] . However, this ''semiempirical'' closed analytical expression is only suitable for the switch-mode power supply (SMPS) transformer (single-layer foil conductor). In 2008, based on the statistical method, Dimitrakakis presented a ''semiempirical'' model for the determination of HF copper losses in windings with the nonlayered coils [25] , whereas randomly wound coils are not an optimum design choice in practice.
The aim of this paper is to establish a novel semiempirical formula for the accurate evaluation of copper losses in the HF transformers, in which the results of intensive 2-D FEM simulations have been gathered into a closed-form formula derived from Dowell's expression. The novel approach is not limited to the conductor shape, the number of winding layers for a winding portion, the porosity factor, as well as winding configuration. This paper is organized as follows. Section II presents the establishment procedure of the novel semiempirical formula in details and provides an overall comparison between Dowell's equation and the new formula in terms of accuracy. Furthermore, the novel formula is extended to the porous conductor layer and the impact of interwire distance is analyzed. In Section III, two HF transformer prototypes with core-type and shell-type structures are built, and plots of AC resistance factor calculated from the semiempirical formula, ''double 2-D'' FEM simulation, and the classic analytical methods are compared with experimental results. The impact of porosity factor on the AC resistance factor of winding composed of foils or solid round conductors is investigated in Section IV. In Section V, the influence of interleaved winding configurations on the AC resistance factor is analyzed. Section VI is the conclusion.
II. THE SEMIEMPIRICAL FORMULA FOR WINDING AC RESISTANCE FACTOR
The novel approach should not be limited to a particular type of winding (rectangular or solid round conductor, single-layer or multilayer, porosity factors, etc). In addition, its input variables should be a set of nondimensional generic parameters. The semiempirical formula is built in five steps: 1) find all the determinant geometrical variables that govern the AC resistance factor or copper losses (Section II-A); 2) compound the determinant geometrical variables to create several nondimensional generic parameters and define a proper range of variation for the corresponding compound variables in each generic parameter (Section II-B); 3) establish a parametric FEM simulation model of the HF transformer and extract the matrices of AC resistance factors for the whole set of generic parameters (Section II-C); 4) select an appropriate format of the base formula and perform a multivariable regression to determine the coefficients (Section II-D); 5) extend the novel method to the porous conductor layer and analyze the impact of the interwire distance (Section II-E).
Before that, several assumptions are made as follows: 1) the secondary winding consists of several straight and parallel foil conductors with the same thickness; 2) primary and secondary windings are centered in the core window and are wound around a high-permeable magnetic core; 3) the ampere-turns of primary winding are the same as that of the secondary winding; 4) the secondary winding is placed between zero and the maximum value of the magnetomotive force f mm ; 5) the primary winding is made of one layer of any type of conductor (solid round wire or foil).
A. SELECTION OF DETERMINANT GEOMETRICAL VARIABLES
The coefficients in the final semiempirical formula and the complexity of multivariable regression carried out in Section II-D completely depend on the number of the input variables. Therefore, the first step is to analyze the sensitivity of the AC resistance factor to all the geometrical variables to select the determinant one. The variables which can uniquely describe the geometrical structure inside the core window are illustrated in Fig. 1 , where d is the foil thickness, d ins is the interlayer insulation distance between two consecutive layers of secondary foil winding, m is the number of layers for secondary winding, d ch is the horizontal creepage distance between the secondary winding and core window, d cv is the vertical creepage distance between the secondary winding and core window, d iso is the isolation distance between both windings, and h w is the core window height.
We already know that the copper losses in a foil winding depends on the frequency f and on the thickness d of the foil. The sensitivity of the AC resistance factor to other geometrical variables has been studied by using the variablecontrolling approach [26] . The sensitivity analysis is carried out under the condition of f = 2kHz and h w = 100mm, thus the sensitivity value of each geometrical variable might change when f and h w are different. However, this does not affect the results of the determinant geometrical variables. Each geometrical variable is assigned 20 different values whereas other geometrical variables are kept constant. The sensitivity of the F R value to each geometrical variable is calculated as follows:
where N is the total number of equally spaced points for single geometrical variable, x i is the value of geometrical variable x at the ith equally spaced point, F RFEM (x i ) is the value of AC resistance factor corresponding to the geometrical variable x i . Fig. 2 shows the average value of ∂F R /∂x over the range of variation of the geometrical variable x at five different number of turns of secondary winding. As it can be seen in Fig. 2 , the isolation distance d iso is the least sensitive geometrical variable, which indicates that the effect of this geometrical variable can be neglected.
Besides the geometrical variables, the electrical variable, i.e., the relative permeability µ rc of the magnetic core, might have a significant influence on the copper losses. In the FEM simulations, the µ rc is set to 150 (e.g., iron powder core), 2000 (e.g., ferrite core), 15000 (e.g., amorphous core) and 30000 (e.g., nanocrystalline core), respectively. The result shows that higher values or lower values of µ rc do not lead to remarkable changes on the magnetic field, furthermore, the F R value (less than 0.32% difference). This argument complies with the results presented in [24] .
B. GENERIC PARAMETERS AND THE VALIDITY RANDE
The penetration ratio and the porosity factor η make the classic analytical methods independent of the size of transformer [13] , [27] . The determinant geometrical variables selected in Section II-A will be compounded to create several nondimensional parameters like the and η in order to establish a semiempirical formula. Five nondimensional parameters, also called as generic parameters, are determined as follows:
With these five distinct generic parameters, the geometrical structure of the core window shown in Fig Then a proper range of variation should be defined for each compound variable in generic parameters to cover a wide range of transformers in terms of its dimensions, operating point, and application. Optimization reasons lead to the dc-dc converter designs with HF transformers operating at a fundamental frequency for which it is approximately F R = 1.5 for solid round conductor windings and F R = 1.33 for foil windings [17] . These cases correspond to frequencies with the ratio between the radius r and δ being approximately equal to unity, or somewhat lower than that [27] . The nonsinusoidal current waveforms of dc-dc converters contain large amount of odd harmonic components, whereas the odd harmonic components always gather within the first few harmonics, and harmonics of the order of the 15th may have negligible magnitude [9] . Under this point of view, study of the copper losses with (d/δ) max = 6 is more than sufficient, if r/δ ≈ 1 is selected for the fundamental frequency [17] , [25] . Moreover, the typical value of the η is 0.8 [27] , therefore setting the range of Y 1 to 0.2-1 can satisfy the design requirement. The validity ranges of all compound variables are shown in Table 1 . 
C. PARAMETRIC MODELING AND FINITE ELEMENT SIMULATION
The third step is to perform intensive FEM simulations covering the whole set of the generic parameters. Using the ANSYS/Maxwell software, we establish a 2-D parametric FEM simulation model of the transformer for each generic parameter Y 3 (the number of layers for secondary winding). The secondary winding consists of foil conductors. In [24] , one can find that the conductor type of the primary winding has very little influence on the current density and copper losses of the secondary winding (less than 1% difference between round wire and foil). For this reason, single-layer foil is selected for the primary winding in order to simplify the simulation model. The HF copper loss P e for the secondary winding is simulated under a sinusoidal current excitation and the primary is short-circuited with ampere-turns compensated between primary and secondary windings [28] . The simulation value of AC resistance factor for the secondary winding can be extracted by the formula F RFEM = R FEM /R dc (R FEM = 2P e /I 2 peak , I peak is the peak of the sinusoidal current). Because of the skin effect in all the conductors, the mesh within the range of penetration depth δ is refined and at least six layers of mesh are applied in the skin depth. The mesh can be relatively sparse below the skin effect layer [29] .
The parametric variables in all the FEM simulation models correspond to the determinant geometrical variables (d, d cv , d ch , d ins ) selected in Section II-A, and the range of each parametric variable covers the validity range shown in Table 1 . For example, the generic parameter X is swept from 0.5 to 6 (12 values), which can be realized by changing the foil thickness d whereas the frequency f and consequently the skin depth δ is kept constant (f = 2kHz). Similarly, the core window height is kept constant (h w = 100mm), whereas the generic parameters Y 1 
D. STRUCTURE SELECTION AND MULTIVARIABLE REGRESSION
This step is to build a base formula that can very closely match the real F R values by a multivariable regression process.
It might be proper to select the formula based on Dowell's equation since it relies on the skin and proximity effects, and has contained three nondimensional parameters (i.e., , η, and m) [24] . After performing numerous trials and regressions, we finally build the base formula as follows:
where = X √ ξ . As it can be seen in (7), the base formula is a nonlinear function with the parameters ξ , τ , and ζ as arguments. For each multilayer winding case (2 ≤ Y 3 ≤ 9), the parameters ξ , τ , and ζ are polynomial functions of the generic parameters Y 1 to Y 4 . More precisely, the polynomial functions will contain all possible terms of degrees 0, 1, 2 in Y 1 to Y 4 to ensure enough degrees of freedom, resulting in 45 coefficients. Stating Y 0 = 1, the parameters ξ , τ , and ζ can be easily expressed as
where P ij , Q ij , and J ij are the coefficients needed to fit. For the single-layer winding case (Y 3 = 1), the parameters ξ , τ , and ζ are polynomial functions of the generic parameters Y 1 to Y 3 (except Y 4 ), and the number of coefficients is 30. Stating Y 0 = 1, the parameters ξ , τ , and ζ can be expressed as
Based on the matrices of F RFEM values obtained in Section II-C, the values of the coefficients P ij , Q ij , and J ij in (8) and (9) can be fitted by the least square regression method, which minimizes the sum of the squares of the errors between the F * R values and the simulated values corresponding to each set of generic parameters.
By comparing the base formula with Dowell's equation, we can find the following differences: is replaced by , and ξ in (7) is similar to the porosity factor η, which affects the fitting accuracy of F * R in the HF range (X > 1); 2) the number of winding layers, m, is replaced by τ , which also mainly affects the fitting accuracy of F * R in the HF range (X > 1); 3) ς is required to provide a better fit to the simulated value in the LF range (X < 1).
The unsigned deviation (UD) between the F * R value and the simulated value corresponding to each set of generic parameters is obtained by (11) .
where F * R (n) is the F R value calculated by the semiempirical formula and Dowell's equation, F RFEM (n) is the simulated value, n represents the nth case of the winding arrangement.
The maximum deviation of the semiempirical formula is only 8.61%. The maximum deviation of Dowell's equation is up to 106.99% when X = 6,
05. Obviously, the overall accuracy of the semiempirical formula is higher than that of Dowell's equation.
E. ACCURACY INVESTIGATION FOR POROUS CONDUCTOR LAYER
The semiempirical formula is derived for the winding with a single foil per layer (i.e., nonporous layer) and can be extended to porous conductor layer (having many turns in each layer). The copper loss of winding with closely-packed conductors is different from that of winding with looselypacked conductors [30] . Hence, when applying the semiempirical formula to porous conductor layers, the interwire distance is another geometrical variable to be considered. The validity of the semiempirical formula might be extended to the solid round conductor when the generic parameters X used in foil conductor analysis are modified as:
where d r is the diameter of the solid round conductor, v is the interwire distance between two adjacent solid round conductors.
For the rectangular conductor, the generic parameters X is replaced by:
where d is the conductor thickness, w is the conductor width, v the interwire distance between two adjacent rectangular conductors.
In layered windings with carefully wound wires, the interwire distance v is about 5%-15% of the radius for solid round conductors or the half thickness for rectangular conductors, which equals to twice the thickness of the wire's insulation [17] . Therefore, setting the range of v/r or 2v/d to 0.05-0.15 can satisfy the design requirement. Other generic parameters (Y 1 to Y 4 ), as well as the validity range of all the compound variables are the same as foil conductors.
In order to investigate the impact of the interwire distance on the accuracy of the semiempirical formula, the AC resistance factor of a transformer, comprising one layer of solid round conductors as primary and two layers of solid round conductors as secondary, has been studied. The interwire distance is set to range from 0 to 0.2r. Other geometrical variables of the core window are as follows:
Fig . 3 (a) , (b) and (c) shows the unsigned deviation of the semiempirical formula, Dowell's equation and the modified Ferreira's formula compared with the 2-D simulation results. First, from Fig. 3 (a) , we can see that the unsigned deviation in F R values calculated by the semiempirical formula can be from −3.24% to 3.78% when v/r is within the range of 0-0.15. Only error exceeding 4% occurs at dimensional condition of large v/r (>0.2). Second, from Fig. 3 (b) and (c), we can see that, in the low-frequency (LF) region (X < 1), the edge effect is not obvious, and the F R results can be achieved with a negligible error by the classic analytical methods. For high values of X (X > 1), the modified Ferreira's formula shows a higher error than Dowell's equation. Third, from Fig.3 (c) , we can see that the 2-D simulation results are closer to the modified Ferreira's formula results when the conductor are more loosely packed.
F. HOW TO USE THE SEMIEMPIRICAL FORMULA
In the final section, we give an example to explain how to use the semiempirical formula to calculate the F * R curve of a winding. The use of the novel formula can be summarized as the following five steps: 1) (8) for the multilayer winding; equation (9) for the single-layer winding]; 5) use the F * R expression (7) to get the final result.
The interwire distance v is set to 0.15r. Other geometrical parameters are given in (14) . The compound variables are (Table 1) (h w − 2d cv ) h w = 0.8025;
The value of each compound variable for the given transformer is inside the domain of validity given in Table 1 The coefficients for the two layers winding case are given in Table 2 . So we can calculate the parameters ξ , τ , and ζ (8) = 0.9476 · X ; ξ = 0.8979; τ = −1.919; ζ = 0.0299.
The F * R curve of the winding calculated by (7) is illustrated in Fig. 4(a) . Taking the FEM simulations as reference, the unsigned deviations of Dowell's equation, the modified Ferreira's formula and the semiempirical formula over the whole frequency range are illustrated in Fig. 4(b) . As it can be seen in Fig. 4(b) , the semiempirical formula shows a 
III. TEST MODELS AND CALCULATION METHOD VERIFICATION A. HIGH-FREQUENCY TRANSFORMER TEST MODELS
In order to investigate the accuracy of the proposed semiempirical formula, two HF transformers with different core structures (core-type and shell-type) have been designed and manufactured. The solid round conductors are used in 4.5kHz, 5kVA core-type transformer. The rectangular foil conductors are used in 5kHz, 10kVA shell-type transformer. 2-D schematic diagrams and photos of two models are depicted in Fig. 5 . Main parameters are presented in Table 3 .
B. FINITE-ELEMENT SIMULATION
As an engineering approach, 2-D FEM is employed to extract winding losses. Taking axial direction of the winding as Z-direction, the cross sections of two HF transformers in XOY plane are shown in Fig.6 (a) and (b), respectively. It may be seen that winding configurations of both transformers are race-tracks, which indicates that the 2-D FEM based on axisymmetric structure of the transformer is not feasible. Therefore, the ''double 2-D'' method proposed in [31] is applied. The winding of the HF transformers is divided into two parts. Each part contains field distribution in different VOLUME 6, 2018 planes of the space. The leakage magnetic field H and current density J of two 2-D simulations of core-type transformer at X = 1 distributed in XOZ and YOZ plane are shown in Fig.7 (a) and (b), respectively. The amplitude of current density along the winding arrangement direction at X = 1 is also illustrated right beneath. The total winding loss of the coretype model may be calculated as follows:
For winding layer i, P i XOZ/in and l i y represents the loss and length of the winding space that is covered by the core in XOZ section, and P i XOZ/out and l i y represents the loss and length of the winding space that is not covered by the core in XOZ section. P i YOZ represents the losses of the winding in YOZ section. l i x and l i c are depicted in Fig. 6 , which are the length of straight and circular winding space, respectively.
The leakage magnetic field H and current density J of two 2-D simulations of shell-type transformer distributed in XOZ and YOZ plane are shown in Fig.8 (a) and (b) , respectively. Similarly, the winding losses in shell-type transformer may be expressed as follows:
The F R values of the HF transformer's secondary winding over a wide frequency range (0.5 ≤ X ≤ 6) are calculated by using the finite-element method. The eddy current field solver is selected to calculate the HF copper loss of windings at several frequency points.
C. AC RESISTANCE MEASUREMENT
Using the impedance analyzer Agilent 4294A, we have measured the impendence of the transformer test model from the secondary side whereas the primary side is short-circuited. Careful compensations of connecting cables are conducted to improve the accuracy of experimental results. The frequency is set to range from 40Hz to 100kHz to ensure that the generic parameter X covers the range 0.5-6. The magnetizing inductance L m and reluctance R m are very high and we assume that all the losses are attributed to the copper losses of both windings [32] . Considering the equivalent circuit of the transformer (see Fig.9 ), the total AC resistance measured at the secondary side with the primary side short-circuited, R meas tot , is given by
where R prim is the primary winding resistance, R sec is the secondary winding resistance, R prim is the transformed primary winding resistance, N t1 and N t2 are the number of turns of the primary and secondary windings, respectively. The measured AC resistance and leakage inductance referred to the secondary side of core-type and shell-type transformers are shown in Fig. 10 (a) and (b) , respectively. It can be seen that the total AC resistance and leakage inductance (L 1σ + L 2σ , L 2σ is the leakage inductance of the secondary, L 1σ is the transformed leakage inductance of the primary) referred to the secondary side have a frequency-dependent characteristic. The reason is that the skin and proximity effects are gradually enhanced with increasing frequency, and the current tends to flows in a very narrow skin of the conductor. Therefore, the conductor's effective cross section and the leakage magnetic energy in all the conductors decrease, which is responsible for the increase of AC resistance and the decrease of leakage inductance [33] .
By comparing the total AC resistance obtained by the measurement and the FEM simulation, we have found that the simulated AC resistance is almost equal to the measured AC resistance (less than 1.3% difference), which confirms that the AC resistance computed by ANSYS/Maxwell agrees well with the real AC resistance. Therefore, we can reasonably state that the measured AC resistance in the secondary winding can be obtained as follows: (21) where R FEM prim is the simulated resistance in the primary winding.
The measurement error on this value is the sum of the errors of the measured total AC resistance and the simulated AC resistance in the primary winding. Fig. 11(a) and (b) shows a comparison of the F R curves of the secondary winding obtained by the Dowell's equation, the modified Ferreira's formula, the semiempirical formula, the FEM simulation, and measurement for the core-type and shell-type transformers, respectively. As it can be seen in Fig. 11(a) and (b) , the AC resistance factors calculated by the novel formula and FEM simulation show a good agreement with the measured values over the whole frequency range, whereas Dowell's equation and the modified Ferreira's formula show a high inaccuracy at high values of X . The significant overestimation caused by the classic analytical methods might result in a costly thermal management scheme.
D. COMPARISON AND ANALYSIS OF THE RESULTS
To be more specific, a comparison of the accuracy over the whole frequency range is done by using the average unsigned deviation (AUD) and maximum unsigned deviation (UD max ):
where F R (n) and F meas Rsec (n) are the calculation value and measured value of AC resistance factor at the nth frequency point, N is the total number of frequency points. Table 4 shows a comparison of AUD and UD max of the Dowell's equation, the modified Ferreira's formula, the semiempirical formula, and the FEM simulation. As it can be seen in Table 4 , the semiempirical formula is more accurate than Dowell's equation and the modified Ferreira's formula, which can satisfy the requirement of designers to more accurately evaluate the copper losses.
IV. VALIDITY INVESTIGATION FOR VARIOUS POROSITY FACTORS
In this section, several FEM simulations are carried out, for the narrow foil as well as solid round conductor windings, where the generic parameter Y 1 is subject of change. Fig. 12(a) illustrates the core window structure of a transformer with the narrow foil windings. The geometrical vari-
The vertical creepage distance d cv between the secondary winding and core window is changed to ensure Y 1 varies in the range of 0.2-1. Fig. 12(b) illustrates the core window structure of a transformer with the solid round conductor windings. The geometrical variables 
The interwire distance is 5% of its radius. The number of turns in one layer is changed to ensure Y 1 varies in the range of 0.2-1. Fig. 13(a) gives the values of parameters ξ , τ , and ζ at various Y 1 for narrow foils. The ξ , τ , and ζ becomes closer to 1, 2 and 0 as η increases, which indicates that the semiempirical formula gradually transforms into Dowell's equation. The modified Ferreira's formula is only for solid round conductors [15] . Hence, Fig. 13(b) only shows a comparison of the AC resistance factor calculated by the Dowell's equation, the semiempirical formula and the FEM simulation over the whole range of Y 1 (0.2-1). As it can be seen in Fig. 13(b Y 1 < 0.7, which complies with the results presented in [17] . Using the semiempirical formula, almost over the whole Y 1 range considered, the AC resistance factor can be calculated with a negligible difference from the simulated value indicating the high accuracy of the semiempirical formula for narrow foil windings. Taking the simulated values as reference, the AUD and UD max of the semiempirical formula are 0.74% and 1.09%, respectively. The AUD and UD max of Dowell's equation are 3.23% and 8.37%, respectively. Fig. 14(a) gives the values of parameters ξ , τ , and ζ at various Y 1 for solid round conductors. The AC resistance factor for the secondary solid round conductors calculated by the Dowell's equation, the modified Ferreira's formula, the semiempirical formula, as well as FEM simulation are illustrated in Fig. 14(b) . As it can be seen in Fig. 14(b) , the accuracy of the semiempirical formula is higher than that of the two classic analytical methods over the whole range of Y 1 . Taking the FEM simulations as reference, the AUD and UD max of the semiempirical formula are 1.49% and 3.37%, respectively. The AUD and UD max of Dowell's equation are 16.25% and 32.65% respectively. The modified Ferreira's formula shows the highest inaccuracy, AUD and UD max of which are 50.36% and 108.85%, respectively.
V. VALIDITY INVESTIGATION FOR WINDING INTERLEAVING CONFIGURATION
The primary and secondary winding of HF transformer are usually sectioned and interleaved to reduce the proximity effect, further the HF copper loss [34] , [35] . Fig. 15 shows four HF transformers with four distinct winding configurations: 1) a pattern of a non-interleaving winding configuration is depicted in Fig. 15(a) , having a primary portion with four layers and a secondary portion with the other four layers; 2) a pattern of a partially-interleaving winding configuration is depicted in Fig. 15(b) , having two primary portions with two layers each and two secondary portions with two layer each; 3) two patterns of fully-interleaving winding configuration are depicted in Fig. 15(c) and (d) , in which the number of layers per portion for primary and secondary is minimized.
Geometrical parameters of all transformers are d r = 5mm, m = 4, d ch = 7.5mm, d ins = 3mm, N t = 15, h w = 100mm. The interwire distance is 15% of its radius. The top parts of Fig. 15(a) to (d) show the current density distribution inside the secondary windings and magnetic field distribution inside the insulation layers, and the magnetic field along the core window at X = 0.5 (in the LF range) is illustrated right beneath of the corresponding winding configuration. Compared to the non-interleaving winding configuration shown in Fig. 15(a) , we can see that the proximity effect is partially weakened when the partially-interleaving winding configuration in Fig. 15(b) is utilized, and the maximum f mm inside the insulation layers has been halved. Moreover, for the fully-interleaving winding configurations shown in Fig. 15(c) and (d) , the proximity effect is virtually eliminated, which results in four times less f mm compared to the non-interleaving winding. Fig. 16 (a) to (d) shows a comparison of the AC resistance factor for the secondary winding calculated by the Dowell's equation, the modified Ferreira's formula, the semiempirical formula, and the FEM simulation. First, we can see that the AC resistance factors calculated by the semiempirical formula agree well with the results of the FEM simulation. Second, from Fig. 16(b) , we can see that the partiallyinterleaving winding results in relatively low AC resistance factors, hence low copper losses in the windings. Third, from Fig. 16(c) and (d) , we can see that the F R curves of the two patterns of fully-interleaving winding configuration are almost coincided, and the fully-interleaving winding configurations further reduce the AC resistance factor. Table 5 shows a comparison of AUD and UD max of the semiempirical formula, the Dowell's equation, and the modified Ferreira's formula. Taking the partially-interleaving winding as example, the AUD and UD max of the semiempirical formula are 2.42% and 4.42%, whereas the Dowell's equation shows up to a 14.27% and 21.38% overestimation.
VI. CONCLUSION
In this paper, based on intensive 2-D FEM simulations, a novel semiempirical formula with an average unsigned deviation of 0.47% and the maximum unsigned deviation of 8.61% for the AC resistance factor F R is established for the accurate determination of HF copper losses in highpower density magnetic components with the layered windings, and is verified by experimental results. The selected five determinate geometrical parameters, together with the wide variation range for each of these parameters, make the semiempirical formula an easily applicable tool for the effective optimization of HF transformer design. This formula is not limited to the conductor shape (rectangular or solid round conductor), the number of winding layers for a winding portion (single-layer or multilayer), the porosity factor, as well as winding configuration (non-interleaving, partiallyinterleaving and fully interleaving).
